Introduction {#Sec1}
============

Keratin is one of the abundant proteins found in the mammalian epidermis. Corneocytes of the stratum corneum (SC), the horny cells of human epidermis, are continuously proliferating from the stratum granulosum (SG) towards the skin surface^[@CR1],[@CR2]^, contain a lot of the fibrous keratin^[@CR3]^ which is embedded in a water-lipid matrix^[@CR4]^, and is almost homogenously distributed throughout the SC of healthy skin^[@CR5]^. However, this can be different in the diseased skin^[@CR6]^. The SC has been recognised as the skin barrier, which prevents exogenous substances from penetrating into the skin and also for water evaporation out of the body^[@CR7]--[@CR9]^. The barrier function of the SC is primarily maintained by the lateral packing order of intercellular lipids (ICL)^[@CR10]^, which is distributed non-homogeneously in the SC^[@CR11],[@CR12]^ and can vary age-dependently^[@CR13]^. Keratin filaments are recognised as a major factor for maintaining the mechanical skeleton of the corneocytes and, together with corneodesmosomes, the durability of the SC. They participate in the regulation of the water diffusion process, and the occlusion-based swelling effect^[@CR14]--[@CR18]^. Meanwhile, the distribution of bound/unbound water in the SC and the trans-epidermal water loss have been important issues in dermatology and cosmetology^[@CR15],[@CR17]--[@CR20]^.

Proteins such as keratin are described on different levels of biomolecular structure. The primary structure is related to the order of amino acids in keratin chains. The secondary structure characterises the coiled, *β*-sheet and *β*-turns and random coil structures of proteins by the hydrogen bonds between N--H and C=O bonds. The tertiary structure of keratin describes the folding/unfolding structure of proteins, caused by the interaction of side-chains of keratin chains, e.g. disulphide bonds of cysteine, hydrogen bonds of tyrosine and other possible electrostatic forces between the side-chains of protein. Since most of the water is present in the corneocytes, rather than in the lamellas of ICL^[@CR21]^, and the corneocytes largely consist of keratin filaments and hygroscopic natural moisturizing factor (NMF) (Fig. [1a](#Fig1){ref-type="fig"}), the secondary and tertiary structures of keratin are important for the water regulation in the SC. The structure of keratin depends on its extensive intra- and inter-molecular interactions between side-chains of keratin filaments. One of these interactions is the formation of disulphide bonds by sulphur-sulphur crosslinking between two cysteine molecules in the keratin framework^[@CR22]--[@CR24]^ (Fig. [1b](#Fig1){ref-type="fig"}). According to the amount of their sulphur contents, which are only present in cysteine and methionine amino acids of keratins, keratins are categorised into "hard"-keratin (higher sulphur contents) and "soft"-keratin (lower sulphur contents). The keratin in the SC belongs to the category of "soft"-keratin^[@CR22],[@CR23]^.Figure 1Schematic structure of the SC and keratin filament. (**a**) The schematic structure of the SC, which consists of corneocytes embedded in a water-lipid intercellular matrix. The corneocytes consist of keratin fibres, NMF and water. (**b**) The structure of a keratin filament and the types of side-chain reactions. 1: The hydrogen bonds between N--H and C=O groups (corresponding to the Amide I Raman band around 1655 cm^−1^), 2: disulphide bonds between two cysteine side-chains (corresponding to the Raman band around 491 cm^−1^ and 546 cm^−1^), 3: free cysteine side-chain that does not form disulphide bonds (corresponding to the Raman band around 700 cm^−1^), 4: the buried- and 5: exposed tyrosine side-chains in keratin chains (corresponding to the Raman bands around 830 cm^−1^ and 850 cm^−1^), 6, 7, 8: the hydrogen bound water molecules with the keratin chains, also showing the water-binding sites of keratin chains.

Vyumvuhore *et al*.^[@CR19]^ highlighted the co-relationship between the conformations of the keratin filaments and the bound/free water in the SC by changing the relative humidity. In contrast, Choe *et al*.^[@CR25]^ showed uncorrelated profiles of the keratin's folding/unfolding properties and the hydrogen bonding state of water, i.e. strongly bound/weakly bound water in the SC as a function of SC depth. In relation to hydrogen bonding states of water, it is also noteworthy to consider that NMF is hygroscopic material, and that ICL maintains the main water diffusion pathways in the SC^[@CR17],[@CR18]^.

Confocal Raman microscopy (CRM) has been introduced for non-invasive determination of the chemico-physical properties of the SC *in vivo* and *ex vivo*, with sufficient spatial resolution^[@CR25],[@CR26]^.

In this study, the depth-dependent molecular structures of keratin, i.e. the secondary and tertiary structures, are thoroughly investigated using CRM in the human SC *in vivo*, mainly by analysing keratin-related Raman bands. The study will also contribute to the understanding of the biophysical properties of corneocytes, as the system of keratin-water-NMF interaction, microscopically in the whole human SC *in vivo*.

Results {#Sec2}
=======

The Raman indicators for keratin conformation in the human SC {#Sec3}
-------------------------------------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the Raman spectrum measured at the forearm skin in the depth of 8 µm.Figure 2Raman spectra of human SC *in vivo*. (**a**) The Raman spectrum of the forearm skin at the depth of 8 µm (male, age 27). (**b**) Detailed depiction of the same spectrum in the 400--1000 cm^−1^ range. The SC consists of keratin- and NMF-rich corneocytes, a lipid matrix in the intercellular space, water and carotenoids. Table [1](#Tab1){ref-type="table"} shows the assignments of the Raman bands. Table 1The assignments of the Raman bands of the SC *in vivo* (as presented in Fig. [2](#Fig2){ref-type="fig"}), according to^[@CR22],[@CR23],[@CR34],[@CR39],[@CR64]^.Wavenumber (cm^−1^)AssignmentOrigin of the Raman peakThe depth-dependent behaviour in human SC491ν(SS), \[*gauche*-*gauche*-*gauche*\]keratinAppears strongly at the upper layers of the SC545ν(SS), \[*gauche*-*gauche*-*trans*\]keratinAppears as a broad band from the intermediate layers,620ν(CS)keratinWeak peak at the upper layers of the SC640ν(CS), \[*gauche*\]keratinWeak sharp peak in all depths700ν(CS), \[*gauche*\]keratinWeak peaks in all depths702Cholesterol, cholesterol esterWeak in all depths745ρ(CH~2~) in-planekeratinBroad bands from intermediate layers of the SC830δ(CCH) aromatickeratin (tyrosine)Weak and shoulder peak in the upper layers and independent peak from the intermediate layers850δ(CCH) aromatickeratin (tyrosine)Strong in all depths880--890ν(C--C) skeleton vibration from long hydrocarbon chains or ρ(CH~2~), γ(CH~3~)lipids (free fatty acid or ceramide) and ρ(CH~2~) (keratin)Strong broad peak in all depths932ν(C--C) *α*-helix conformationkeratinStrong peak in all depths960ν(C--C) *β*-sheet conformationkeratinWeak shoulder peaks1003ν(CC) aromaticphenylalanine of keratin and urea (NMF)Strong in all depths1032ν(CC) skeletal, *cis*- conformationkeratinMedium in all depths1062ν(CC) skeletal, *trans*-conformationlipidsMedium in all depths1080ν(CC) skeletal, *gauche*-conformationlipidsWeak1130ν(CC) skeletal, *trans*-conformationlipidsStrong in all depths1156ν(CC) skeletal vibrationlipids and carotenoidsMedium in the upper layers of the SC1180ν(CC) skeletal vibrationlipidsWeak in all depths1206--1210ν(CC) skeletal vibrationlipids and small contribution of keratinWeak in all depths1298δ(CH~2~) deformationlipidsStrong and sharp in all depths1320--1342δ(CH~2~) deformationlipidsShoulder1450δ(CH~2~) scissoringlipids (sensitive to hexagonal and liquid like phase of lipids) and keratinStrong in all depths1523ν(CC) skeletal vibrationcarotenoidsWeakly appears in the upper layer1616ν(CC) skeletal vibrationlipidsShoulder peak1655amide I (C=O) vibration, *α*-helix conformationkeratin and very little contribution of lipidsStrong in all depths2850ν(C--H) symmetric vibrationlipidsStrong in all depths2880ν(C--H) asymmetric vibrationMostly lipids and the small contribution of keratinStrong in all depths2930ν(CH~3~) symmetric stretchingMostly keratin and the small contribution of lipidsStrong in all depths2980ν(CH~3~) asymmetric stretchingkeratinShoulder of 2930 cm^−1^ peak3063ν(=CH) stretchingkeratinStrong in all depths3100--3800O--H vibrationwaterStrong in all depthsν denotes stretching vibrations, ρ wagging vibration modes and δ bending vibration modes.

Depth-dependent changes of the secondary structure of keratin determined by the *β*-sheet/*α*-helix ratio {#Sec4}
---------------------------------------------------------------------------------------------------------

There are two forms of secondary structure of keratin, *α*-helix and *β*-sheet. The *α*-helix keratin, a highly stable form of keratin, has a coiled-coil structure and less exposed side-chains, which does not efficiently interact with water and other biomolecules. The coiled-coil structure is a unique characteristic of *α*-helix keratin filaments because of crosslinking formed by disulphide bonds or the hydrogen bonds of tyrosine side-chains of keratin^[@CR27]^. The *β*-sheet keratin is softer than the *α*-helix and has a relatively large number of exposed side-chains between the sheets. Thus, water molecules can easily intercalate between the sheets of *β*-sheet keratin and bind with hydrogen bonds.

The two Raman bands at 938 cm^−1^ and 960 cm^−1^ originating from the C--C skeleton vibration, serve as indicators for *α*-helix and *β*-sheet keratin (Table [1](#Tab1){ref-type="table"}). The Raman band at 938 cm^−1^, which appears strongly for all SC depths, corresponds to *α*-helix, while the band at 960 cm^−1^, which is the shoulder of the peak at 938 cm^−1^, corresponds to *β*-sheet^[@CR15],[@CR28]--[@CR31]^. The ratio of the 960 cm^−1^/938 cm^−1^ (area under the curve, AUC, 952--966 cm^−1^/924--946 cm^−1^) is calculated and is considered an indicator of the *β*-sheet/*α*-helix ratio of keratin.

The shape of the Amide I band of keratin (1580--1720 cm^−1^) is also considered to be a useful criterion to obtain information about secondary structures of keratin. The keratins of the SC are normally arranged in *α*-helical stable conformation^[@CR24]^, as shown in Fig. [3](#Fig3){ref-type="fig"} by the peak centred at 1655 cm^−1^, but there is also a small amount of *β*-sheet conformation^[@CR23],[@CR32]^, visible from the shoulder peak at around 1670 cm^−1^. In order to estimate the *β*-sheet/*α*-helix ratio, a Gaussian deconvolution method is applied for the range 1580--1720 cm^−1^ using 4 Gaussian bands^[@CR19]^ (Fig. [3](#Fig3){ref-type="fig"}).Figure 3Deconvolution of the Amide I band of human SC *in vivo*. 4 Gaussian bands centred at 1617 ± 7 cm^−1^, 1655 ± 5 cm^−1^, 1670 ± 5 cm^−1^ and 1685 ± 5 cm^−1^ with the corresponding FWHM equal to 23 ± 10 cm^−1^, 30 ± 6 cm^−1^, 15 ± 7 cm^−1^ and 37 ± 7 cm^−1^, are used, respectively. The spectrum is obtained *in vivo* at 8 µm depth from the forearm of a male volunteer (age 27).

This adapted the constrained non-linear optimization method to minimise the fitting residual errors between experimental and modelled spectra^[@CR33]^. In order to obtain reproducible and biochemically reasonable results, the full widths at half maximum (FWHM) of 4 Gaussian bands were allowed to change within a limited range of 10 cm^−1^. The Gaussian band, centred at 1617 cm^−1^, is assigned to aromatic vibration of phenylalanine, tyrosine and tryptophan^[@CR34],[@CR35]^. The band at 1655 cm^−1^ is related to *α*-helix, the band at 1670 cm^−1^ corresponds to the *β*-sheet conformation and the band at 1685 cm^−1^ is related to turns and random coils of keratin^[@CR19],[@CR34],[@CR36]^. The *β*-sheet and turns and random coils of keratin represent the most disordered structures, whose hydrogen bonds within its chains do not interact with the side-chains of keratin (exposed state), entailing increased possibility to bind water molecules.

The *β*-sheet/*α*-helix ratio calculated by the 960 cm^−1^/938 cm^−1^ ratio decreases as a trend (*p* \< 0.1) from the 100--40% SC depth, but does not change significantly at 40--10% SC depths (*p* \> 0.1). At the skin surface, although its average is slightly larger compared to the 10% SC depth, no significant difference was found (*p* = 0.17) (Fig. [4a](#Fig4){ref-type="fig"}, black line). The depth-dependent (*β*-sheet + turns and random coils)/*α*-helix ratio, calculated by the (1670 cm^−1^ + 1685 cm^−1^)/1655 cm^−1^ ratio of area under the Gaussian curves (AUGCs), which also decreases from 70% to 40% SC depth (*p* \< 0.05), remains constant at the 40--10% SC depth and slightly increases from 10% SC depth to the skin surface (*p* \< 0.1) (Fig. [4a](#Fig4){ref-type="fig"}, red dotted line). Summarizing the results shown in Fig. [4a](#Fig4){ref-type="fig"}, keratin filaments transform from the less stable and more exposed *β*-sheet form to the highly stable and less exposed *α*-helix form from the bottom towards the upper SC layers. The *α*-helix keratin form remains constant at 40--10% SC depth, providing less amount of vacant positions for water binding in comparison to other SC depths. At the skin surface, *β*-sheet keratin slightly increases as a trend (Fig. [4a](#Fig4){ref-type="fig"}) (p \< 0.1).Figure 4The depth profile of the *β*-sheet/*α*-helix keratin and NMF concentration in the human SC *in vivo*. The *β*-sheet/*α*-helix is determined by the 960 cm^−1^/938 cm^−1^ ratio (squares, black) and the (*β*-sheet + turns and random coils)/*α*-helix keratin forms ratio determined by the (1670 cm^−1^ + 1685 cm^−1^)/1655 cm^−1^ AUGCs ratio of the deconvoluted amide I band (cycles, red dotted) (**a**) and the NMF depth profile (**b**). Mean ± standard deviation for 11 volunteers. ![](41598_2017_16202_Figa_HTML.gif){#d29e1338}/![](41598_2017_16202_Figb_HTML.gif){#d29e1341} lower/higher possibility to bind water molecules.

Figure [4b](#Fig4){ref-type="fig"} shows the depth profile of the NMF molecules in the SC with a prominent maximum at 20% SC depth.

The depth-dependent tertiary structure of keratin determined by the strength of disulphide bonds and the amount of C--S groups that do not take part in disulphide bonds {#Sec5}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Disulphide bonds (--S--S--), which can only be formed between two cysteine amino acids in the keratin structure (Fig. [1b](#Fig1){ref-type="fig"}), are important for the stabilization of the higher-order structure of keratin. Disulphide bonds result from the fusion of two cysteine molecules in keratin filaments and the oxidation of sulfhydryl groups that create cystine^[@CR22]^. In order to measure the stability of the disulphide bonds in keratin, the conformational order of disulphide bonds is calculated in the 474--578 cm^−1^ range, which originates from vibrations of --C--S--S--C-- bonds^[@CR22]^. Here, three Raman bands appear: the band around 491 cm^−1^ is assigned to the *gauche*--*gauche*--*gauche* conformation^[@CR22]^ and the bands around 525 cm^−1^ and 546 cm^−1^ correspond to the *gauche*-*gauche*-*trans* and *trans*-*gauche*-*trans* conformations of disulphide bonds, respectively^[@CR22],[@CR23]^. Among these three conformations of disulphide bonds, the *gauche*-*gauche*-*gauche* conformation is most stable. The ratio of the *gauche*-*gauche*-*gauche* conformation to the total disulphide bonds (*gauche*-*gauche*-*gauche* + *gauche*-*gauche*-*trans* + *trans*-*gauche*-*trans*), which is introduced here, is considered a criterion for the strength of disulphide bonds in keratin, entailing a more stable folding structure of keratin. A higher/lower ratio represents a higher/lower stability or strength of disulphide bonds, which shows the increased folding/unfolding state of keratin with lower/higher possibility to bind water molecules. Figure [5a](#Fig5){ref-type="fig"} shows this ratio. At the 100--50% SC depth, the *gauche*--*gauche*--*gauche* conformation remains almost constant (≈0.3, *p* \> 0.1) and is significantly lower than in the upper layers (50--0% SC depth) (*p* \< 0.01). From 30% SC depth towards the skin surface, this ratio increases highly significant (*p* \< 0.01). At the surface of the skin it indicates that ≈0.8 of total disulphide bonds are in the *gauche*--*gauche*--*gauche* conformation, i.e. in the highly stable form of disulphide bonds.Figure 5The depth-dependent stability of disulphide bonds and the amount of cysteine in keratin chains in the human SC *in vivo*. The stability in keratin is determined by the ratio of *gauche*-*gauche*-*gauche* conformation (474--508 cm^−1^ AUC) to total disulphide bonds *gauche-gauche-gauche* + *gauche-gauche-trans* + *trans-gauche-trans* (474--578 cm^−1^ AUC) (**a**). The amount of cysteine in keratin chains which form disulphide bonds determined by the C--S (690--712 cm^−1^ AUC) / S--S (474--578 cm^−1^ AUC) ratio (**b**). Mean ± standard deviation is shown for 11 volunteers. ![](41598_2017_16202_Figc_HTML.gif){#d29e1548}/![](41598_2017_16202_Figd_HTML.gif){#d29e1551} lower/higher possibility to bind water molecules.

The AUC of the 474--578 cm^−1^ range represents the total amount of disulphide bonds in keratin. The Raman peak area around 700 cm^−1^ (690--712 cm^−1^) represents the C--S vibrations of the cysteine-related substances, e.g. acetyl-cysteine and methyl-cysteine^[@CR37],[@CR38]^. Specifically the peak around 700 cm^−1^ corresponds to the Raman signal of N--C--C--S groups which is unique to cysteine^[@CR23]^ (Fig. [1b](#Fig1){ref-type="fig"}). A small contribution of cholesterol to this peak also exists^[@CR39]^, but its influence is significantly lower than that of cysteine. The close-located Raman peak around 640 cm^−1^ does not appear in the cysteine molecules and might be related to methionine, because the H--C--S-- group, which is a part of methionine, has Raman bands in the 630--670 cm^−1^ range^[@CR23]^. Methionine cannot form disulphide bonds, therefore the peaks around 620 cm^−1^ and 640 cm^−1^ related to C--S vibration of methionine, are excluded from the calculation of the total cysteine/disulphide linkages, i.e. the C--S/S--S ratio.

Not all cysteine molecules form a disulphide linkage in keratin filaments (Fig. [1b](#Fig1){ref-type="fig"}). Thus, the ratio between the amounts of the C--S groups (690--712 cm^−1^ AUC), characterizing the total cysteine concentration and the amount of cysteine molecules forming the disulphide bonds S--S (474--578 cm^−1^ AUC) in keratin filaments, could be an indicator of the amount of cysteine molecules taking part in building the disulphide bonds in keratin chains. A larger ratio indicates that less cysteine takes part in the formation of disulphide bonds in keratin chains. Thus, the interactions between the side-chains of cysteine are weak, leading to the conclusion that the keratin chains are less folded and are potentially able to bind water molecules. In contrast, a lower ratio indicates a higher amount of cysteine taking part in building the disulphide bonds in keratin chains, thus increasing folding of the keratin chains and decreasing ability of keratin to bind water molecules.

Figure [5b](#Fig5){ref-type="fig"} shows the ratio of the total amount of cysteine to the cysteine forming the disulphide linkages in keratin chains. From the bottom to 70% SC depth, this ratio slightly increases (*p* \< 0.05) to a maximum (≈0.12) at 70% SC depth and then decreases gradually (*p* \< 0.01) towards the intermediate layers of the SC (70--40% SC depth), indicating that the amount of "disulphide bonded" cysteine in keratin chains increases. From 40--10% SC depth, this value remains constant around 0.08. At the superficial layers of the SC (10--0% SC depth) the ratio decreases with a steeper slope (*p* \< 0.01), indicating an even higher amount of disulphide linkages formed between cysteine in the keratin fibrils. These findings indicate that the number of the disulphide bonds is larger in the upper layers (30--0% SC depth) than in the deeper layers of the SC (100--40% SC depth), and that disulphide bonds are in a most stable state in the upper layers (Fig. [5a](#Fig5){ref-type="fig"}). Thus, the keratin filaments are most folded in the upper SC layers (30--0% SC depth) with very limited ability to bind water molecules in comparison to remaining SC depths (100--40% SC depth).

The depth-dependent tertiary structure of keratin determined by the ratio of buried/exposed tyrosine in the keratin framework {#Sec6}
-----------------------------------------------------------------------------------------------------------------------------

The position of the aromatic ring in the side-chains of the amino acid tyrosine is important to evaluate keratin's side-chain interactions. There are two configurations of tyrosine, i.e. buried and exposed aromatic rings of tyrosine in keratin side-chains (Fig. [1b](#Fig1){ref-type="fig"}). The buried tyrosine forms the hydrogen bonds with the side-chains of keratin, i.e. carbonyl group of other amino acids and not with water molecules, resulting in increased folding of the keratin chains. The exposed tyrosine indicates the unfolded states, resulting in more hydrogen bonds with water and other biomolecules outside the side-chains of keratin^[@CR19]^. The Raman doublets near 850 cm^−1^ and 830 cm^−1^ correspond to the ring breathing mode of the tyrosine side-chain^[@CR22],[@CR23]^, and are sensitive to the position of tyrosine in the keratin framework (Table [1](#Tab1){ref-type="table"}). The 850 cm^−1^/830 cm^−1^ peak ratio is considered to indicate the exposed/buried ratio of tyrosine side-chains^[@CR19],[@CR40]^. In this study, the inverse ratio of AUCs, i.e. of the peaks around 830 cm^−1^ (816--838 cm^−1^ AUC) and 850 cm^−1^ (838--874 cm^−1^ AUC), was calculated, because the 830 cm^−1^ peak intensity is normally smaller than the 850 cm^−1^ peak intensity, entailing increased standard deviation if this value were placed in the denominator. A lower 830 cm^−1^/850 cm^−1^ ratio indicates more exposed side-chains of tyrosine, indicating more unfolded states of keratin, i.e. the possibility to bind the water molecules, while a larger ratio indicates more buried side-chains of tyrosine, i.e. more folded states of keratin with limited possibility to bind water molecules.

Figure [6a](#Fig6){ref-type="fig"} shows the depth profile of the buried/exposed tyrosine ratio in keratin chains. From 100% to 50--20% SC depth, the ratio of buried/exposed tyrosine decreases to minimal values (≈0.3%) (*p* \< 0.01), indicating a higher amount of exposed tyrosine in these depths, i.e., more vacant positions for water binding. At the upper layers (20--0% SC depth), the value strongly increases (*p* \< 0.01), indicating that the tyrosine molecules transform to the buried state, which means that the side-chain of tyrosine transforms into more buried states, i.e. more hydrogen bonded linkages with other groups turning keratin filaments into the more folded state.Figure 6The depth-dependent tertiary structure of keratin in the human SC *in vivo*. The ratio of buried/exposed tyrosine determined by the 830 cm^−1^/850 cm^−1^ ratio (**a**), and the folding/unfolding state of keratin determined by the Gaussian peak position at 2930 cm^−1^ (**b**). Mean ± standard deviation for 11 volunteers. ![](41598_2017_16202_Fige_HTML.gif){#d29e1739}/![](41598_2017_16202_Figf_HTML.gif){#d29e1742} lower/higher possibility to bind water molecules.

The depth-dependent tertiary structure of keratin determined by the folding/unfolding states of CH~3~ residues in keratin chains {#Sec7}
--------------------------------------------------------------------------------------------------------------------------------

The Raman peak at 2930 cm^−1^ originates from aliphatic CH~3~ vibration of keratin chains^[@CR24],[@CR33]^ and its position is sensitive to the exposed states of CH~3~ side-chains of keratin, i.e., keratin´s folding/unfolding states^[@CR41]^. A lower position of the 2930 cm^−1^ peak corresponds to the keratin folding state and a higher position represents the unfolding keratin state, which is associated with the enhanced exposure of CH~3~ side-chains to the surrounding water molecules^[@CR24],[@CR42]^. In order to determine 2930 cm^−1^ peak position, the deconvolution procedure in the HWN region was performed^[@CR43]^.

As shown in Fig. [6b](#Fig6){ref-type="fig"}, maximal unfolding of the keratin filaments occurs at 70--60% SC depth and unfolded keratin decreases from these layers towards the surface (60--0% SC depth, *p* \< 0.01 for adjacent depths). Thus, close to the skin surface at 20--0% SC depth, keratin lies in the most folded state. Meanwhile, at the boundary of the SC and the SG, keratin lies in a more folded state than at the 60% SC depth (*p* \< 0.01 between 60% and 100% SC depth).

The depth-dependent water profile and hydrogen bonding state of water {#Sec8}
---------------------------------------------------------------------

Figure [7a](#Fig7){ref-type="fig"} shows the depth profile of the water concentration in the SC. The water mass content in the SC decreases from the bottom (100% SC depth) towards the surface (10--0% SC depth). The highest gradient occurs at 60--40% SC depth.Figure 7Water concentration and hydrogen bonding state of water in the human SC *in vivo*. Depth profiles of total water content in the SC in mass percent (**a**) and the hydrogen bonding state of water molecules determined by the weakly bound/strongly bound water molecules ratio (**b**). Mean ± standard deviation for 11 volunteers. ![](41598_2017_16202_Figg_HTML.gif){#d29e1832}/![](41598_2017_16202_Figh_HTML.gif){#d29e1835} lower/higher possibility to bind water molecules.

Figure [7b](#Fig7){ref-type="fig"} shows the depth profile of the hydrogen bonding state of the water molecules determined as a ratio of weakly bound to strongly bound water molecule types, determined according to the recently developed algorithm^[@CR25]^. This ratio decreases from the bottom towards the upper layers (100--40%) of the SC (*p* \< 0.05), and reaches a minimum value (highest hydrogen bonding state of water molecules) at 40--20% SC depth. Then, it significantly increases towards a surface at 10--0% SC depth (*p* \< 0.05), showing a decrease of hydrogen bonding states.

Discussion {#Sec9}
==========

The results of the present study can be categorised largely into two groups. One is related to the secondary (Fig. [4a](#Fig4){ref-type="fig"}) and the other is related to the tertiary structure, i.e. folding/unfolding state of keratin in the SC (Figs [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).

The secondary structure of keratin {#Sec10}
----------------------------------

Figure [4a](#Fig4){ref-type="fig"} (black line) shows an increase of *α*-helix structure by approx. 0.03 with very large standard deviations at 80--20% SC depth, which is determined by analysis of the C--C skeleton vibration Raman bands ratio 938 cm^−1^/960 cm^−1^. This finding suggests that, although more quantitative analysis is necessary, the transformation from *β*-sheet to *α*-helix can be determined as a trend (*p* = 0.07 at 80--20% SC depth).

As shown in Fig. [4a](#Fig4){ref-type="fig"} (red dotted line) by analysing the Amide I peak (1580--1720 cm^−1^), the secondary structure of keratin does not change at the deep located layers (100--80% SC depth), the *α*-helix structure increase at 70--40% SC depth and at the upper layers (40--10% SC depth), the ratio remains constant showing more *α*-helical keratin form. At 10--0% SC depth, the amount of *β*-sheet keratin increases again as a trend.

Figure [4a](#Fig4){ref-type="fig"} shows that the analyses of the Amide I peak (1580--1720 cm^−1^) are preferable for the determination of the *α*-helix and *β*-sheet secondary structure of keratin, which is confirmed by the lower standard deviation.

The tertiary structures of keratin {#Sec11}
----------------------------------

The stability of disulphide bonds (Fig. [5a](#Fig5){ref-type="fig"}) remains constant at the deeper SC layers (100--50% SC depth) and substantially increases towards the skin surface (40--0% SC depth). Close to the skin surface, the stability of disulphide bonds in the keratin filaments reaches its maximum of approx. 0.8. The amount of cysteine involved in the formation of disulphide bonds increases from 70--40% SC depth and reaches a plateau at 40--10% SC depth (Fig. [5b](#Fig5){ref-type="fig"}). Close to the surface (10--0% SC depth), a significant increase of disulphide linkages formed between cysteine is observed. These tendencies of disulphide bonds show that the interactions between keratin side-chains monotonically increase to more folded states from the bottom towards the surface of the SC. The obtained profiles explain complementary that *α*-helix keratin, which is formed by disulphide bonds, is more pronounced in the 40--0% SC depth compared to the 100--50% SC depth, which is in accordance to results presented in Fig. [4a](#Fig4){ref-type="fig"}.

Figure [6a](#Fig6){ref-type="fig"} shows tendencies, that exposed tyrosine is most prevalent at 60--20% SC depth (ratio approx. 0.3), while in the upper layers of the SC (20--0% SC depth) and in the deep-located layers (100--70% SC depth) the buried tyrosine is increased. This is obvious for the surface, where the ratio reaches almost 0.8. The folding/unfolding state of keratin determined by the CH~3~ vibration, reaches a maximum unfolding state at 80--50% SC depth (Fig. [6b](#Fig6){ref-type="fig"}). The increased folding state is observed close to the surface (20--0% SC depth). At the uppermost layers of the SC (20--0% SC depth), the results shown in Fig. [6a,b](#Fig6){ref-type="fig"} correlate, indicating that buried tyrosine and folded keratin are increased. The correlation between the keratin conformations, e.g. the maximum peak position at 2930 cm^−1^ (CH~3~ vibrations), and the buried/exposed tyrosine with changing atmospheric relative humidity has been shown by Vyumvuhore *et al*.^[@CR19]^ *ex vivo*. In the present study, the buried/exposed tyrosine and CH~3~ vibrations are not correlated at 40--20% SC depth. Figure [6b](#Fig6){ref-type="fig"} shows the decrease of the maximum position of the 2930 cm^−1^ band, while the buried/exposed ratio remains constant (Fig. [6a](#Fig6){ref-type="fig"}). Also, discrepancies appear between Figs [5](#Fig5){ref-type="fig"} and [6a](#Fig6){ref-type="fig"}, which might be due to the representation of different aspects of the side-chain interactions and conformations. An explanation for the limited correlation could be the highly complex organization of keratins, which exhibit interactions between many side-chains. While some side-chain interactions, e.g. those of tyrosine, disulphide bonds, CH~3~, --N--H and C=O establish the highly ordered structure, these interactions do not necessarily take place coincidently and have identical depth profiles in the skin.

The relationship between the depth profile of water and the secondary and tertiary structures of keratin in the SC {#Sec12}
------------------------------------------------------------------------------------------------------------------

Regarding the secondary structure, the keratin filaments are known to undergo conformational changes from *α*-helix to *β*-sheet when increasing the relative humidity^[@CR19],[@CR27]^.

As shown in Fig. [7a](#Fig7){ref-type="fig"}, the concentration of water decreases rapidly towards the surface of the SC, which is equivalent to a decrease of the micro-environmental relative humidity. However, the keratin conformation from *β*-sheet to *α*-helix (Fig. [4a](#Fig4){ref-type="fig"}) do not match the water concentration gradient and show only a correlation as a trend. Figure [4a](#Fig4){ref-type="fig"} indicates a small decrease of *β*-sheet ≈0.03 with a large standard deviation (black line) and ≈0.08 (red dotted line) from 80--20% SC depth in relation to the water contents (≈26% decrease of water mass %).

Furthermore, regarding the tertiary keratin structure, Fig. [5a](#Fig5){ref-type="fig"} indicates the increase of the keratin folding states at 30--0% SC depth with increased stability of disulphide bonds. At the 100--30% SC depth, the folding states of keratin do not change, while the water concentration decreases. This contradiction is also apparent in Fig. [5b](#Fig5){ref-type="fig"}, showing constant values at 30--10% SC depth, characterizing the folded state of keratin in comparison to other SC depths. The contradiction in Fig. [6](#Fig6){ref-type="fig"} is even more evident with regard to the depth profile of water. The water concentration decreases monotonically from 100--20% SC depth while the exposed tyrosine increases from 100--20% SC depth (Fig. [6a](#Fig6){ref-type="fig"}), leading to the conclusion that the unfolding keratin increases and has a maximum at 80--50% SC depth (Fig. [6b](#Fig6){ref-type="fig"}). These contradictions could be explained by the influence of keratin, water and NMF as a holistic system, which needs to be investigated in more detail.

The relationship between keratin, water and NMF in corneocytes and the water in intercellular spaces {#Sec13}
----------------------------------------------------------------------------------------------------

Taking into account that almost 80% of the water accumulates in the corneocytes and that keratin filaments fill the corneocytes^[@CR44],[@CR45]^, the relationship between the amount of water, keratin filaments and NMF might play a critical role in water-related response, such as swelling and moisturizing effects^[@CR14],[@CR19],[@CR45],[@CR46]^. Although the lipids in the intercellular space are considered as a bound-water modulator and the primary diffusion pathway^[@CR18],[@CR47]^, the binding site of water in the lipid's polar head groups (e.g. ceramides) is small compared to keratin and NMF^[@CR47],[@CR48]^.

Thus, keratin and NMF are the major contributors of thermodynamical water--SC interactions and water firstly binds tightly to the polar sites of keratin, replacing the keratin--keratin bonds to energetically favourable keratin--water bonds^[@CR49]^. Assuming the corneocytes as NMF-containing keratin sponges^[@CR50]^, it is debated which contributes more to the water-binding properties between NMF and keratin filaments and how to understand the keratin--water--NMF interaction in corneocytes.

Kasting *et al*.^[@CR17],[@CR18],[@CR49]^ suggested that water primarily interacts with keratin more strongly than cellulose or acrylic acid and that the diffusivity value in keratin is \>1000-fold lower than in the synthetic polymers. In contrast, Gilard *et al*.^[@CR51]^ indicated that NMF influences the amount of bound water by using proton nuclear magnetic resonance, which was confirmed by other researchers^[@CR20],[@CR50],[@CR52]^.

Speculating that the keratin filaments are the major provider of the water-binding sites, as well as NMF, the number of water-binding sites is mainly determined by the polar sites in side-chains in keratin and its exposed or buried states.

From the knowledge about the keratin conformations obtained in this study (Figs [4](#Fig4){ref-type="fig"}--[6](#Fig6){ref-type="fig"}), we suggest the following depth-dependent mechanisms for keratin--water--NMF interaction in the corneocytes.

Keratin-water-NMF interaction at 30--0% SC depth {#Sec14}
------------------------------------------------

At the uppermost layers (30--0% SC depth), the keratin chains are highly folded and represent predominantly coiled-coil structure (Figs [4](#Fig4){ref-type="fig"}--[6](#Fig6){ref-type="fig"}). Therefore, the keratin filaments have the least binding sites at the uppermost layers, compared to the other SC depths and the number of vacant positions for water binding is minimal in these SC layers. At the uppermost layers (30--0% SC depth), the water mass has its lowest concentration (Fig. [7a](#Fig7){ref-type="fig"}), but the NMF concentration is highest (Fig. [4b](#Fig4){ref-type="fig"}). Thus, NMF, which bonds water very efficiently, is responsible for the increase of the hydrogen bonding states of water molecules in these depths (Fig. [7b](#Fig7){ref-type="fig"}), compensating the low ability of folded keratin to bind water. These findings emphasise the important role of NMF in controlling hydrogen bonding states of water molecules at the uppermost layer of the SC (30--0% SC depth).

Keratin-water-NMF interaction at the 70--30% SC depth {#Sec15}
-----------------------------------------------------

At the intermediate layers (70--30% SC depth), although keratin chains gradually transform from *β*-sheet into *α*-helix (Fig. [4a](#Fig4){ref-type="fig"}), the transforming rate is small compared to the water gradient at these depths (Fig. [7a](#Fig7){ref-type="fig"}). It was found that the unfolding states of keratin have a maximum in the intermediate layers (Fig. [6](#Fig6){ref-type="fig"}). If we hypothesise that the binding sites of keratin are saturated by the water molecules at 100--80% SC depth and thus the number of water binding sites in keratin chains is equal to the water molecules, the rapid decrease of the amount of water and the increase of exposed polar sites in the side-chains of keratin (created by unfolding keratin at 70--50% SC depth) must create free water-binding sites in keratin chains that are capable to bind water molecules. This hypothesis is supported by the finding that the water turns into more hydrogen bonding states from 70% towards 30% SC depth and reaches the highest hydrogen bonding state at 40--20% SC depth^[@CR25]^. The reason for the disagreement between the maximum of hydrogen bonding states and the maximum of unfolding states of keratin can be explained by the increased concentration of NMF (Fig. [4b](#Fig4){ref-type="fig"}) and highest ICL lateral packing order^[@CR11],[@CR12]^ at 40--20% SC depth.

Keratin-water-NMF interaction at the 100--80% SC depth {#Sec16}
------------------------------------------------------

At the bottom layers (100--80% SC depth), the water concentration is highest (Fig. [7a](#Fig7){ref-type="fig"}), but the NMF concentration is lowest (Fig. [4b](#Fig4){ref-type="fig"}). The folding state of keratin is not maximal, showing a higher value at 80--50% than at 100--80% SC depth (Fig. [6b](#Fig6){ref-type="fig"}). The similar tendency is observed in Figs [5b](#Fig5){ref-type="fig"} and [6a](#Fig6){ref-type="fig"}, where the deep SC layers contain more folded keratin than the close-located 80--50% SC depths.

Therefore, we hypothesise that there are fewer keratin- and NMF-related water binding sites at 100--80% SC depths in comparison with 80--50% SC depths. This causes the increase of unbound and weakly bound water, which is correlated with the weakly bound/strongly bound water ratio (Fig. [7b](#Fig7){ref-type="fig"}).

Three layer model of keratin-water interaction in the SC {#Sec17}
--------------------------------------------------------

Caussin *et al*.^[@CR45]^ suggested the existence of three different regions in the SC regarding a moisturizing effect in *ex vivo* experiments using cryo-scanning electron microscopy. An upper non-swelling region at the surface of the SC, a swelling region in intermediate layers and a lower non-swelling region at the boundary between SC and SG were suggested, which is supported by the presented *in vivo* results and explained by the microscopic analysis of keratin-water-NMF interaction for the whole SC.

Based on the obtained results of the keratin, water and NMF profiles in the SC, the three layer model of the SC can be explained/specified as follows:

At the uppermost layers (30--0% SC depth), keratin chains are highly folded and stay in a most stable *α*-helix conformation form. Thus, the water cannot intercalate into the keratin chains and there are no vacancies for binding water molecules with keratin. Furthermore, because of the rigid and stable *α*-helix keratin, the corneocytes cannot be swelled mechanically and consequently these layers are characterised as the uppermost non-swelling region. NMF is mostly responsible for binding water in these SC layers.

At the intermediate layers (70--30% SC depth), the keratin chains are more unfolded and therefore, the interaction between side-chains of keratin is weak and the water molecules intercalate into keratin filaments and bind there, entailing the corneocytes to swell. Therefore, this region is denoted as the swelling region.

At the bottom layers (100--80% SC depth), representing the boundary between SC and SG, the keratin chains have fewer vacant binding sites than the intermediate layers due to the more folded keratin than at 70% SC depth, lowest NMF concentration and largest amount of water. Thus, in this SC layer, the incoming water cannot efficiently form hydrogen bonds with the surrounding keratin and NMF, denoting this SC layer as the bottom low-swelling region.

In conclusion, we propose a "three layer model" of the SC by analysing the higher-order structures and the conformations of keratin *in vivo*. Since the hydrogen bonding or bound/unbound states of water molecules cannot be explained by the contribution of NMF alone or the higher-structure of keratin cannot be considered separately, NMF and keratin should be treated as one interacting system, with regard to the keratin-water-NMF interaction in the SC.

Methods {#Sec18}
=======

Volunteers {#Sec19}
----------

11 healthy Caucasian volunteers (9 female, 2 male) aged from 23 to 62 (average 37) years old, who were instructed not to apply any cosmetic substances to the skin for 3 days and not to bath or shower for 4 hours prior to the measurements participated in this study. Ten measurements were taken from within an area of 2 × 2 cm^2^ on the intact forearm skin after an acclimatization time of 20 minutes to the standard room conditions. For each measurement position, spectra from above the skin surface to the depth of 40 µm using 2 µm increments were acquired in the fingerprint region (400--2000 cm^−1^, 5 s acquisition time) and in the high wavenumber region (HWN, 2000--4000 cm^−1^, 1 s acquisition time).

All volunteers had given written informed consent. The experiments were approved by the local ethics committee of the Charité--Universitätsmedizin Berlin and were in accordance with the principles of the declaration of Helsinki as revised in 1996.

Confocal Raman microscopy (CRM) {#Sec20}
-------------------------------

A model 3510 SCA confocal Raman Microscope (River Diagnostics, Rotterdam, the Netherlands), suitable for *in vivo* measurements on the skin was used for the experiments. The device uses a 785 nm laser for the analysis in the fingerprint region and a 671 nm laser for analysis in the HWN region. The laser power on the skin surface was 20 mW (1.1 J/cm^2^) and 17 mW (0.2 J/cm^2^), respectively.

The utilised doses of reference light can be considered safe for human skin due to the resulting low local temperature increase (≤2 °C)^[@CR53]^ and with regard to reference light-induced free radical generation^[@CR54],[@CR55]^. The dose-dependent fluorescence photobleaching in the SC, without influence on the Raman peak intensities^[@CR56]^, ensures comparable Raman results. A spatial resolution of ≤5 µm and a spectral resolution of 2 cm^−1^ can be achieved. The utilised CRM has been previously described in detail elsewhere^[@CR57]^.

Determination of the skin surface and SC thickness {#Sec21}
--------------------------------------------------

The "Skin tools 2.0" Software by River Diagnostics was used for determination of the skin surface^[@CR26]^. Thereby, the surface (0 µm or 0%) is determined to be at the position where the keratin depth profile, determined by the Raman peak intensity at 1655 cm^−1^ in the fingerprint region, reaches half of the maximum intensity from outside of the skin. The subsequent depths are corrected according to the applied depth increments during the data acquisition. The SC thickness is determined by the boundary position between the SC and the SG^[@CR58]^. At this position, the first derivative of the water profile is 0.5, as indicated by Crowther *et al*.^[@CR59]^. To enable the direct comparison between the volunteers with different SC thickness, the indicated SC depths are normalised to the SC thickness, interpolated to 10% increments of the SC thickness and stated in % SC depth throughout this manuscript. The analysis of the depth-profiles is then performed from the deepest located layers towards the skin surface, according to the direction of transformation of the corneocytes.

Pre-processing of Raman spectra {#Sec22}
-------------------------------

In order to calculate the AUC for all Raman bands in the fingerprint region, a linear baseline removal is applied. The 5--10 tangent points on both sides of the peaks are selected and a linear baseline is interpolated to these points by linear least squares regression, which is subtracted from the original Raman spectrum. Principal component analysis (PCA) was applied to reduce the low variability components of the Raman spectral profiles and to calculate the AUC of small intensity Raman bands. The first 4 principal components (PCs) are selected to reconstruct the Raman spectra with reduced variability. From the series of spectra of each measuring point, the spectrum of the selected depth is collected as one sample group. Then, the spectra of samples are PCA-transformed and only the first 4 PCs are used for the reconstruction of the spectra. A detailed description and the effect of error reduction is described elsewhere^[@CR12],[@CR60]^.

In the HWN region, a piecewise-weighted-least squares fitting algorithm was applied in order to maintain the linearity with different gradients in the 2776--2810 cm^−1^ and 3800--3900 cm^−1^ wavenumber regions^[@CR25]^ without application of the PCA method.

Analysis of the depth-dependent water profiles in the SC {#Sec23}
--------------------------------------------------------

The depth-dependent profiles of water mass % in the SC were determined by the "Skin tools 2.0" software (River Diagnostics, Rotterdam, The Netherlands), which is based on the adjustment of the OH (3350--3550 cm^−1^ AUC) to the keratin vibration (2910--2965 cm^−1^ AUC) ratio to the real water mass % in the SC determined experimentally^[@CR26],[@CR61]^.

The depth profile of the hydrogen bonding states of water molecules was determined using Gaussian function-based deconvolution of the HWN region (2800--3700 cm^−1^) into 10 sub-bands. The ratio of weakly/strongly bound water was calculated by the ratio of the AUGCs associated to weakly (single donor--single acceptor, 3458 cm^−1^) and strongly (double donor--double acceptor, 3277 cm^−1^) bound water, as explained in detail elsewhere^[@CR25]^. The deconvolution procedure is performed by using the self-programmed software based on Matlab R2015a (The Mathworks, Inc., Natick, USA).

Statistical analysis {#Sec24}
--------------------

Statistical evaluation was performed by using Microsoft Excel and the Statistics and Machine learning toolbox of Matlab. In order to test for significant differences of the means of two different depths in the SC, a paired student's *t*-test was applied^[@CR62]^. The *t*-test is based on the assumption that all samples are normally distributed. Therefore, a Jarque-Bera test is performed to verify the normal distribution of the data^[@CR63]^. A *p*-value ≤ 0.01 is considered to be "highly significant", *p* ≤ 0.05 as "significant", *p* ≤ 0.1 as "trend", and *p* \> 0.1 is considered as "not significant". All the values in the figures are plotted with the mean values ±1 standard deviation.

Data availability {#Sec25}
-----------------

The datasets generated and analysed during the current study are not publicly available due to ethical restrictions.
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